Highlights -The first report on the direct separation of terpenoids from thyme oil by HPCCC -MES test in mice used for evaluation of the anticonvulsant activities -Borneol, thymol, eugenol exerted the strongest protection against induced seizures -Linalool had 84% reduction on the transfer of E. coli plasmid pKM101
Identification was performed by specialists in botany, Mrs Krystyna Dąbrowska from The Botanical Garden of Marie Curie University. After drying, the plant was homogenised and a sample (50 g) was hydrodistilled with 400 mL of distilled water for 3 h in a Deryng apparatus. The EO was stored over anhydrous sodium sulfate at 4°C until analysis.
Equipment
A HPCCC Dynamic Extraction system (Slough, Berkshire, UK) with two coils: analytical (22 mL volume) and a semi-preparative system (137 mL volume), connected to an Alpha 10 pump and a Sapphire UV detector (both from Ecom, Czech Republic) were implemented in the study.
Depending on the coil used, the sample injection valve was with either 1 mL or 6 mL loops.
The EO and the purified compounds were identified through a Shimadzu GC 2010 Plus gas chromatograph equipped with a Shimadzu QP2010 Ultra mass spectrometer. A Phenomenex (USA) fused silica capillary column ZB-5 MS (30 m, 0.25 mm i.d.) with a film thickness of 0.25 μm was used. The initial temperature was 50°C and set for 3 min followed by a rise of approximately 80°C minˉ1 up to 250°C. The flow rate of the carrier gas helium was 1 mL minˉ1, and separation was 1:20 by the distribution ratio. A homologous series of n-alkanes (C 8 -C 24 ) were used to determine the retention index and identification of compounds was performed using the computer-supported library (MassFinder) coupled with literature data (NIST Library).
Two-phase solvent systems selection
For the appropriate and efficient isolation from the EO, a number of immiscible, two-phase systems were evaluated, using methods described previously (Skalicka-Woźniak & Walasek, 2014) .
The main factor determining separation is the partition coefficient K, representing the concentration of a target molecule in the stationary phase to the concentration of the same metabolite in the mobile phase. In this study, different solvent mixtures of n-hexane, ethyl acetate, methanol, water (HEMWat), or mixtures of n-hexane, acetonitrile, MTBE in different ratios were examined. From the chosen systems, solvent mixtures (4 mL each) were prepared in tubes, and to each was added a small amount of the EO. After mixing tubes were left for clear separation of the upper and lower phase, which were then analyzed separately by GC-MS analysis, and the K values of the particular metabolites of interest were calculated.
Separation procedure
Compound isolation was carried out on HPCCC analytical and semipreparative columns with a flow rate of the mobile phase of 1 mL min -1 and 6 mL min -1 , respectively. Conditions for the separation were initially optimized on the analytical scale and then adjusted for the semi-preparative by utilizing a scaling factor calculated on the basis of the respective volumes of the analytical and semipreparative columns. The previously selected two-phase systems were prepared. After filling the column with the (upper) stationary phase, rotation of the column was gradually increased to 1600 rpm. Then the mobile phase (lower) was introduced to the coil until a state of equilibrium was established. 25 mg of EO was dissolved in 1 mL of the selected solvent system for the analytical scale and 300 mg in 6 mL for the semi-preparative scale this mixture was injected and isolation was carried out at 30°C, monitoring at 210 nm. One-minute fractions were collected separately and subjected to GC-MS analysis.
In vivo experiments
Swiss albino male mice (20-23 g) delivered by the licensed breeder (Dr. J. Kolacz, Warsaw, Poland) were housed in cages with free access to food and tap water, and standard housing conditions (12 h light-dark cycle, 23 ± 1°C, humidity of 55 ± 5%). Animals were allowed to acclimatize for seven days. After this time, eight animals were randomly assigned to each test group. All tests were performed between 8:00 and 1500 hours. During the study, every effort to minimize the suffering of animals, and a minimum number of animals needed to obtain reliable scientific data was used. Procedures involving animal rights were according to the current European Community and Polish legislation on animal experimentation. The described procedure was approved by the Second Local Ethics Committee at the University of Life Sciences, Lublin, Poland (License Nos.: 85/2009 , 42/2013 , and 20/2014 The chimney test was used to quantify the adverse effects of both the essential oil and single compounds on motor performance in mice. The inability of the mice to climb backward up at transparent tube within 60 s was an indication of motor performance impairment (Boissier, Tardy, & Diverres, 1960) .
Grip-strength test
The effects of both the essential oil and the isolated terpenoids on skeletal muscular strength (tone) in mice were quantified by the grip-strength test. Each mouse, which was forced to grasp the grid by forepaws, was gently pulled backward by the tail until the grid was released and the maximal force exerted by the mouse before losing grip was recorded. Substantial changes in skeletal muscular strength have been interpreted as evidence of motor neurotoxicity (Meyer et al., 1979) 2.9 Bacterial plasmid transfer inhibition assay A plasmid assay was conducted to assess the ability of Thymus vulgaris essential oil and its isolated terpenoids (± linalool, eugenol, thymol, eucalyptol, S-carvone, R-carvone and borneol) to inhibit the conjugal transfer of plasmid-mediated antibiotic resistance in Escherichia coli.
Escherichia coli WP2 harboring plasmid pKM101 (conferring amoxicillin resistance) was used as the donor and E.coli ER1793 (streptomycin-resistant) used as a recipient in the bacterial conjugation assay. Both organisms were supplied by Dr. Paul Stapleton. Antimicrobial agents were used at the following concentrations to select for trans-conjugants; amoxicillin (30mg L -1 ) and streptomycin sulfate (20 mg L -1 ).
Both recipient E.coli ER1793 and plasmid-containing donor E.coli WP2 (pKM101) were incubated separately overnight (16h) at 37 o C in LB broth. Samples of the overnight cultures were taken for colony-forming unit (cfu mL -1 ) determinations. Bacterial conjugation was performed as described by Rice and Bonomo (2005) , with the exception that equal volumes of the donor and recipient were used. Compounds were assessed for anti-conjugative activity at a concentration of 100 mg L -1 . Transconjugants (recipient cells carrying the donated plasmid) and donor cells were recognized by inoculating 100 μL of serial dilutions of the overnight conjugation mixture on suitable antibiotic-containing selective MacConkey agar plates. The transfer rate was calculated as the ratio of total number of transconjugants (cfu mL -1 ) to the total number of donor (cfu mL -1 ). All experiments were performed in triplicate and the mean determined. The difference between the transfer frequencies in the absence and presence of the compounds were evaluated by Student's ttest. Values of p 0.05 were statistically significant.
Results and discussion
The results of the GC-MS analysis of Thymus vulgaris essential oil are presented in Table 1 (in the order of elution from the column).
Fifty different metabolites, representing 94.05% of the total chromatographic peak area, were tentatively identified. The main compounds were thymol (34.78%), p-cymene (14.18%), carvacrol (6.16), β-caryophyllene (5.46%), linalool (3.83%), terpinen-4-ol (2.56%), caryophyllene oxide (2.31%), and borneol (2.22%). Most of the identified compounds display a range of pharmacological activities, therefore the initial aim of this study was to elaborate efficient conditions for the definitive separation of the non-polar compounds from the Thymus vulgaris essential oil by HPCCC. A series of mixtures of different solvents were evaluated and the K values were calculated; the results are shown in Table 2 . Optimum separation of the compounds takes place at partition coefficient values in the range 0.5-2. For this purpose, HEMWat systems in a ratio 5:2:5:2 (v/v) and 4:1:4:1 (v/v), and a system composed of mixtures of n-hexane, acetonitrile, and MTBE in the ratio 1:1:0.1 (v/v) were selected as having K values as close to this range as possible.
Suitable analytical separation conditions were initially developed and re-scaled for the semipreparative studies. Fractions were collected at one minute intervals from the beginning of the run.
For the first time thymol, along with the other terpenoid metabolites, were isolated from Thymus vulgaris essential oil in a one-step run by means of the CCC method. Among the fifty compounds identified, six were isolated in less than 50 minutes with a purity level of greater than 96%. A HEMWat system in a ratio 5:2:5:2 (v/v) allowed isolation of eugenol (1; 1.58 mg), 1-octen-3-ol (2; 1 mg), borneol (3; 2.2 mg), thymol (4; 23 mg), terpinen-4-ol (5; 1.8 mg) and camphor (6; 3.6 mg) as pure compounds in fractions 19; 22; 26; 36-40, 41 and 42-46, respectively. Changing the solvent system to a HEMWat mixture 4:1:4:1 (v/v), facilitated the isolation of terpinen-4-ol (5, 1.2 mg) and 100% pure camphor (6, 2.78 mg) from fractions 19 and 20-23, respectively.
Additionally, a two-phase solvent system composed of n-hexane, acetonitrile, and MTBE In the first system tested, eugenol (1), because of the low value of the partition coefficient K (0.64), was detected as the first pure compound, then the compounds 2 and 3 with K values in the range of 1.29-1.86. These compounds were isolated with a purity of 90, 99, and 100%, respectively.
Finally, thymol (4), terpinen-4-ol (5), and camphor (6) were obtained with a purity of 96, 97, and 100%, respectively. After changing the ratio of the HEMWat mixture from 5:2:5:2 to 4:1:4:1 the isolation time of terpinen-4-ol (5) and camphor (6) significantly decreased from 41 and 42-46 min to 19 and 20-23 min, respectively. This directly related to decreasing the K values of the metabolites from 2.31 and 3.24 in the first system to 1.34 and 2.03 in the second one, respectively. The use of a system composed of the n-hexane, acetonitrile and MTBE allowed the isolation of additional pure compounds like carvacrol (7), linalyl acetate (8), p-cymene (10), eucalyptol (11), and caryophyllene oxide (9), with virtually 100% purity. These developed methods led to the complete separation of Thymus vulgaris essential oil components in a very short time. Since essential oils, as well as their pure constituents, especially thymol, are very important, it is vital to search for new, easily applied, effective, sustainable, and economical methods for their separation. The literature refers to the availability of thymol (4) on an industrial scale as a result of synthesis. However, this method is long and requires toxic substrates and is relatively costly. In contrast, the HPCCC method proved to be more effective, less time-consuming, was more environmentally friendly, and thus represents an application of green chemistry (Cordell, 2015) .
Epilepsy is a serious neurological disorder, which is characterized by recurrent spontaneous seizures which affects increasing numbers of people worldwide. Approximately 1% of the population suffers from epilepsy, and attacks are usually limited by either monotherapy or combination therapy, or in severe cases, by surgery (WHO, 2012) . There are a number of synthetic drugs recommended for use, however, in large numbers of patients they are ineffective or cause serious side effects. Therefore, there is a continuing, significant need for new preparations based on sustainable sources, such as plants, and essential oils and their main components have attracted the attention and encouraged scientists to study their pharmacological activity (de Almeida, Agra,
Maior & de Sousa, 2011). In our research Thymus vulgaris essential oil and the isolated compounds were subjected to further study in order to determine their potential anticonvulsant activity and results are presented in Table 3 . No acute adverse effects were noticed in the chimney and grip-strength tests. In our study, neither the essential oil nor any single compounds had a significant impact on muscular strength of the animals as assessed by the grip-strength test. Furthermore motor performance, as assessed by the chimney test, was also unaffected in experimental animals. However, some animals which received carvone alone and were subjected to the MES test, displayed mortality. This unpredicted situation can be explained by the application of a high dose of carvone, when administered alone.
Of note, the animals were administered the same doses of the test compounds, equal to 300 mg/kg of body weight. This was based on information from the NIH Anticonvulsant Drug Development (ADD) Program, which evaluates the anticonvulsant action of novel compounds or agents in preclinical studies in animals (Stables & Kupferberg, 1997) . Since the concentration of the selected terpenoids in the essential oil was much more lower, no mortality was observed in experimental groups receiving essential oil. On the other hand, since the death of animals was noticed after electrically-evoked seizures, it can be hypothesized that carvone negatively influences the circulatory and respiratory center in the brain of the tested animals. modulation was dose-dependent, however weaker modulation was noticed towards mammalian GABA A receptors. It was concluded that the enhanced response to GABA is a result of a positive allosteric action of thymol (Priestley et al., 2003) . Thymol also potentiated the agonist effects induced by pentobarbital, so that no competitive interaction was noticed. The mode of action of thymol is then different from that of pentobarbital as a GABA receptor agonist and probably uncharacterized, allosteric site on the GABA A receptor is involved (Priestley et al., 2003) .
Allosteric modulation of specific GABA A receptor recognition sites, without having any effect on non-specific binding, was reported by Sánchez et al. (Sánchez, Turina, Garcǐa, Nolan, & Perillo, 2004) who found that thymol is incorporated by membranes and exerts its activity by increasing the surface curvature and polarity. Changes in the dipolar arrangement and in the molecular packing of the GABA A environment were discussed as possible mediators of the action mechanism of thymol (Sánchez et al., 2004) . In further experiments, Garcia et al. (2006) provided evidence that thymol is a positive GABA A receptor modulator, and may produce conformational changes, which can lead to direct gating of the associated chloride channel. Thymol was able to enhance GABA action at concentrations which were significantly lower than those exhibiting direct activity in the absence of GABA (EC 50 =12 µM and 135 µM, respectively).
Thymol and carvacrol were tested against cognitive deficits induced by amyloid β (Aβ) or scopolamine in rats, and both showed cognitive-enhancing activity with therapeutic doses equal to 0.5 mg kg -1 and 1 mg kg -1 , respectively. The acute toxicity for these compounds occurred at much higher doses (i.e., LD 50 for thymol and carvacrol was 565.7 and 471.2 mg kg -1 , respectively) (Azizi, Ebrahimi, Saadatfar, Kamalinejad, Majlessi, 2012) .
Eugenol, isolated and tested in these experiments, as well as carvacrol, one of the major compounds found in Thymus vulgaris essential oil, were studied on the GABA A receptor using primary cultures of cortical neurons, and their effects on the micro-viscosity of artificial membranes were investigated. They decreased the micro-viscosity of artificial membranes and enhanced the binding of [ 3 H]flunitrazepam to increase the GABA-evoked Cl-influx in a concentration-dependent manner, with EC 50 values of 532 and 235 µM, for eugenol and carvacrol, respectively. Bicuculline, a competitive GABA A antagonist, completely inhibited these effects, which suggests that the tested compounds are positive allosteric modulators (Reiner et al., 2013) .
Synthetic derivatives of eugenol, as well as natural methyleugenol, were tested in order to determine their antiepileptic activity and were compared to common antiepileptic drugs in the MES and PTZ tests. All eugenol derivatives were shown to be effective with protective indices similar to those of the standard drugs and were active in increasing the latency to the first minimal seizure, but were less active in prevention in the PTZ test (Dallmeier, Zelger, & Carlini, 1983) . Eugenol (10-100 µmol L -1 ) on a free-Mg 2+ model of epilepsy in rat neocortical and hippocampal tissues dosedependently and reversibly suppressed both the epileptiform field potentials and spreading depression (Müller, Pape, Speckmann, & Gorji, 2006) .
Eugenol, together with eucalyptol (1,8-cineole), both present in Thymus vulgaris essential oil and investigated in this study, shared responsibility for the anticonvulsant activity of essential oil of Laurus nobilis L. (Lauraceae) against PTZ and MES-induced seizures (ED 50 values of 0.19 and 1 mL kg -1 , respectively), and additionally at the anticonvulsant doses, both sedation and motor impairment were observed (Sayyah, Valizadeh, & Kamalinejad, 2002) . Previously, eucalyptol at a dose of 400 mg kg -1 significantly inhibited the locomotion of mice, by about 49% compared to the control group. Additionally, at the same dose a significant potentiation of pentobarbital sleeping time was observed (Santos & Rao, 2000) . However in experiments conducted by Sayyah et al. (2002) eucalyptol was not active and no toxicity was observed. Rather, death of the test animals was caused by thymol and carvone (at 300 mg kg -1 injected i.p.).
Borneol, a bicyclic monoterpene, which can easily cross the blood brain barrier, was also found to possess gamma amino butyric acid ( The toxicity of thymol was observed previously. In vitro preincubation of thymol (7 mg w/v) gave a dose-dependent decrease in acetylcholinesterase (AChE) and lactic dehydrogenase (LDH) (91.02% and 74.0% of control, respectively) activities in the nervous tissue of the mollusc Lymnaea acuminata. At 12 mg (w/v) thymol reduced the LDH activity by 82.64%. Additionally, a significant reduction of the endogenous levels of 5-hydroxytryptamine and dopamine was observed, which indicated that thymol adversely effects both the cholinergic and monoaminergic neurons in the snail (Singh, Singh & Singh, 1999) . However, Garcia et al. (2006) excluded any harmful effect of thymol on cellular membrane integrity. In this assay, neuronal damage was measured either after short or long exposure times (30 min up to 24 h). No loss of cell viability and decrease of neuron mitochondrial activity was observed in the MTT assay (0-1 mM) (Garcia et al., 2006) . Cytotoxicity In our evaluation of the essential oil components to reduce plasmid conjugation, linalool (100 mg L -1 ) had a significant inhibitory effect (84% reduction) on the transfer of plasmid pKM101 ( Fig. 1) , whereas eucalyptol was the least active agent where only a 31% reduction in plasmid transfer was observed. The remaining essential oil components, R-carvone, S-carvone, eugenol, borneol and thymol, showed only moderate inhibitory activities with 67%, 66%, 64%, 63% and 51% reductions in plasmid transfers being noted, respectively. Linalool as the most active plasmid transfer inhibitor was also the only acyclic compound tested. Our previous work in this area has shown that whilst inhibitors may contain phenyl and heterocyclic ring systems, they tend to be linear in shape, for example as seen in the imidazole alkaloids of Lepidium sativum (Kwapong, Stapleton & Gibbons 2018) 
Conclusion
This is the first report of a successful attempt to use HPCCC technique for the one-step purification of a series of terpenoids from Thymus vulgaris essential oil in a very short time. The method can potentially be used for the purification of compounds which are of importance in the food industry. The preclinical screening of Thymus vulgaris essential oil, as well as isolated terpenoids, provides evidence that the essential oil has partial protective activity against seizures.
Additionally, borneol, thymol, and carvacrol are worthy of further investigation as potentially interesting therapeutic agents in epileptopathology, particularly in terms of synergistic effects with known active agents. The anti-plasmid transfer inhibitory activity of the simple monoterpene linalool is also noteworthy. As it has been hypothesized that E. coli enterotoxins may have an impact on seizure threshold, reducing the virulence of E. coli by interfering with plasmid transfer may reduce its pathogenicity. As mentioned above, linalool like previously reported plasmid transfer inhibitors, is structurally linear and the most active natural product reported in this study.
This structural feature may well allow linalool to bind in to the major or minor groves of plasmid DNA making a structural change that inhibits its uptake by the type-IV secretion systems in E. coli, that are responsible for plasmid mobility between cells. Taking points made above, T. vulgaris can be considered as a source of biologically active compounds ready to use or to be submitted for further structure modifications.
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